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ABSTRACT: Slow-motion imaging of the rupture of soap
bubbles generally shows the edges of liquid ﬁlms retracting at a
constant speed (known as the Taylor−Culick velocity). Here
we investigate soap bubbles formed from simple solutions of a
cationic surfactant (cetyltrimethylammonium bromide - CTAB)
and sodium salicylate. The interaction of salicylate ions with
CTAB leads to the formation of wormlike micelles (WLM),
which yield a viscoelastic behavior to the liquid ﬁlm of the
bubble. We demonstrate that these elastic bubbles collapse at a
velocity up to 30 times higher than the Taylor−Culick limit,
which has never been surpassed. This is because during the bubble inﬂation, the entangled WLM chains stretch, storing elastic
energy. This extra energy is then released during the rupture of the bubble, yielding an additional driving force for ﬁlm retraction
(besides surface tension). This new mechanism for the bursting of elastic bubbles may have important implications to the
breakup of viscoelastic sprays in industrial applications.
■ INTRODUCTION
The beauty of soap bubbles has long fascinated children and
adults. Additionally, the interesting properties of these bubbles
have motivated scientiﬁc studies since the time of Leonardo da
Vinci, a man of science and art.1 In 1920, Charles V. Boys
stimulated popular curiosity for the science behind soap
bubbles by publishing a famous monograph.2 Slow-motion
movies of bubble rupture reveal the liquid edges retracting at
constant velocities. This observation was initially explained by
Lord Rayleigh in 18913 and correctly modeled by Taylor and
Culick around 1960,4,5 which showed that a soap ﬁlms retracts
at constant speed due to momentum balance, including surface
tension and inertia of the liquid which is collected into a rim at
the retracting ﬁlm edge. The limiting velocity of the rim can be
evaluated from eq 1:
γ
ρδ
=v 2
(1)
where γ is the surface tension, δ is the thickness of the ﬁlm, and
ρ is the density of the solution. Equation 1 is valid regardless of
whether the rim surrounds a hole in a ﬂat ﬁlm or in a spherical
bubble.6
In contrast to low-viscosity ﬁlms, the rupture of very viscous
liquid ﬁlms obeys an exponential equation (eq 2) at early
times:7,8
γ
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t
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(2)
with η being the viscosity of the liquid and R(t) and R0 being
the hole radius at any t and for t = 0, respectively. In this case,
the inertial retraction is replaced by a purely viscous response
to a distributed stress due to the surface tension at the ﬁlm
edge, which leads to a radial ﬂow of the ﬁlm without rim
formation. Nevertheless, there is a transition to a constant
retraction velocity at longer time scales, where the Taylor−
Culick limiting velocity is attained. Including in the description
of bubble rupture several eﬀects, such as air drag,9,10 ﬁlm
thickness and viscoelasticity,6,11 always led to a reduction of the
retraction velocity with respect to the Culick velocity (eq 1).
Here we show that bubbles made from a mixture of CTAB and
salicylate solutions rupture at a velocity up to 30 times higher
than the Taylor−Culick limit, without a noticeable rim
formation. The surface and bulk of the soap solution were
investigated in order to understand the origin of the
phenomenon, and a simple model is proposed to explain the
results.
■ EXPERIMENTAL SECTION
Materials. Cetyltrimethylammonium bromide (CTAB) and
sodium salicylate (NaSal) were obtained from Sigma and used without
any further treatment. The samples were prepared by dilution of
previously prepared stock solutions. The stock solutions were prepared
by weighing (within (0.0001 g) adequate quantities of CTAB or NaSal
as required. Ultrapure water (18.2 MΩ cm) was used throughout.
Methods. Hemispherical bubbles of approximately 4 cm in
diameter were formed by the injection of 20 mL of air into 20
mmol L−1 aqueous solutions of cetyltrimethylammonium bromide
(CTAB) with diﬀerent concentrations of sodium salicylate (from 0 to
20 mmol L−1). The solutions were placed in a glass box (15 cm × 15
cm × 15 cm), and the bubbles were inﬂated by injecting air into the
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shallow liquid phase. As soon as bubbles were produced, rupture was
induced by sudden contact with a droplet of ethanol gel at their poles.
The rupture of the bubbles with diﬀerent salicylate/CTAB mole
fractions (here, deﬁned as ξ) was ﬁlmed using a fast camera (Photron
PCI 1024) at a rate of 6000 frames/s.
Sum-frequency generation vibrational spectroscopy (SFG spectros-
copy) was performed with a commercial SFG spectrometer (Ekspla,
Lithuania) based on a pulsed Nd3+:YAG laser (25 ps pulse duration, 20
Hz repetition rate). One of the exciting beams was the second-
harmonic of the laser pulse (532 nm, ∼0.7 mJ/pulse, 1.5 mm
diameter), while the tunable IR pulse was generated by an OPG/OPA
system with a DFG stage (∼0.70 mm diameter, ∼0.15 mJ/pulse). The
two beams overlap at the solution surface (contained in a thoroughly
cleaned Teﬂon cup) with incidence angles 60° and 55° for visible and
IR beams, respectively. The sum-frequency signal is spectrally ﬁltered
by a notch ﬁlter and a monochromator and detected by a
photomultiplier. For each spectrum, data are collected with 100
shots/data point in 3 cm−1 increments in the 2750−3150 cm−1 range
(CH stretches) and in 10 cm−1 increments in the 3000−3800 cm−1
range (OH stretches). In this work we used SSP (S-sum, S-visible, and
P-infrared) polarization combination. All spectra are divided by that of
a Z-cut quartz crystal to normalize out the instrumental response. For
quantitative analysis, they were ﬁt to a superposition of interfering
Lorentzian resonances to extract the peak amplitudes, frequencies,
linewidths, and the nonresonant background, as described in the
Supporting Information [SI].
Rheological experiments were conducted with a Haake RheoStress
1 rheometer equipped with a double-gap cell. The internal and
external cup diameters were 17.75 and 21.70 mm, respectively, and the
internal and external rotor diameters were 18.35 and 20.99 mm,
respectively, with the rotor length = 55.00 mm. The temperature was
maintained at 25 °C.
■ RESULTS AND DISCUSSION
Collapse of Bubbles Containing CTAB and Salicylate.
A selected sequence of pictures obtained after the rupture of
bubbles without and with diﬀerent concentrations of salicylate
is shown in Figure 1. The eﬀect of the aromatic anion on the
velocity of ﬁlm retraction is very clear (a movie is available in
the SI).
To quantify the velocity of rim retraction, seven bursting
replicates were ﬁlmed, keeping all conditions constant, and the
average hole radius as a function of the time, R(t), was obtained
for each ξ. Figure 2 displays R(t) for several salicylate mole
fractions, with an impressive increase in the velocity for ξ above
0.6 (inset of Figure 2). At early times, R(t) is linear with t for
the retraction of a soap bubble (with and without salicylate),
with the curvature at large radii explained by the spherical
geometry of the bubble (see SI). Therefore, the retraction
velocity is constant throughout the burst, meaning that eq 1 is,
in principle, valid for the CTAB/salicylate system.
Another interesting feature of the rupturing bubbles can be
observed in Figure 3A and B. Beyond ξ ≈ 0.6, the usual toroidal
rim observed for ξ = 0 is absent from the ﬁlm edge.
Investigation of the Surface. The causes of this
phenomenon were investigated at the surface and in the bulk
of the soap solution. SFG spectroscopy was used to quantify
the adsorption and probe their interaction between salicylate
ions and CTAB at the surface of the solutions. Figure 4 shows a
set of SFG spectra for the air/CTAB solution surface with the
same surfactant concentration and mole fractions of sodium
salicylate as used in Figure 2. The observed resonances are due
to the CH stretches of the CTAB alkyl chain (CH2 and CH3
symmetric stretches at 2850 and 2880 cm−1, respectively, plus
an overlapping band comprising the CH2 asymmetric stretch,
the CH3 Fermi resonance between symmetric stretching and
Figure 1. Selected sequence of images (6000 frames/s) of the rupture
of hemispherical bubbles formed in aqueous solutions containing 20
mmol L−1 CTAB and 20 × ξ mmol L−1 sodium salicylate. The photos
include the tips of the pipettes containing droplets of ethanol gel (used
to initiate the rupture).
Figure 2. Evolution of the hole radius, which initially grows linearly
with time for bubbles formed from an aqueous solution containing 20
mmol L−1 CTAB with diﬀerent proportions of sodium salicylate (the
values for ξ are indicated in the legend). Inset: Rim velocity as a
function of salicylate/CTAB (the line is a guide to the eye). The error
bars were obtained from the rupture sequences of seven bubbles.
Figure 3. Rupture of bubbles formed from 20 mmol L−1 CTAB (A)
without and (B) with 20 mmol L−1 salicylate.
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bending, and the CH3 asymmetric stretches at 2920, 2935, and
2955 cm−1, respectively), the CTAB headgroup (2815 cm−1),
and the aromatic CH stretch of the salicylate ion at 3060
cm−1.12 The amplitudes for this aromatic CH stretch (see inset
of Figure 4) indicate that salicylate ions adsorb at the surface of
CTAB solutions and their concentration increases with
salicylate mole fraction, reaching saturation for ξ ≈ 0.6.
Additionally, a decrease in CTAB surface density and increased
conformational disorder of the surfactant alkyl chains is
observed, based on the ratio of amplitudes for the CH2 and
CH3 symmetric stretches.
13 Furthermore, the line shape at the
high-frequency end of the SFG spectra changes appreciably
with increasing salicylate concentration, due to a reduction of
the contribution of OH stretches from oriented water
molecules in the electric double layer. Further details are
discussed in the SI.
Despite these surface changes, negligible variations in the
surface tension were measured (data shown in the SI).
According to eq 1, another obvious parameter that could
explain the increase in rupture velocity would be the ﬁlm
thickness, δ. By rupturing the bubble immediately after its
inﬂation, we attempted to keep the thickness δ approximately
constant. However, for ξ > 0.6 the solution reveals a viscoelastic
behavior (see Figure S4 of the SI), so that the liquid ﬁlm
thickness could change appreciably. We measured the ﬁlm
thickness using the infrared transmission through the bubble
(the IR beam crossing the bubble ﬁlm twice, close to a height
a/2 above the liquid surface, where a is the bubble radius) and
the known water absorption coeﬃcient.14 Figure 5 shows the
absorption spectrum for the pure CTAB (ξ = 0) and for
CTAB/salicylate bubbles (ξ = 0.8 and 1.0). The absorbance of
the peak at 1640 cm−1 (OH bending mode) and the water
absorption coeﬃcient at this frequency were used to determine
the ﬁlm thickness for bubbles with CTAB only (ξ = 0).
Thereafter, the absorbances at 2130 cm−1 (combination band
of OH bending and OH libration) were used to determine the
relative thickness of bubbles with CTAB and salicylate with
respect to those with CTAB only. From these measurements,
we have determined the ﬁlm thicknesses as 4.6 ± 0.9 μm, 34 ±
10 μm, and 45 ± 16 μm, for ξ = 0, 0.8, and 1.0, respectively.
The error bars reﬂect the variability of bubble ﬁlm thickness for
diﬀerent inﬂations. Therefore, eq 1 shows that the retraction
velocity should have been about 3 times lower for the CTAB/
salicylate bubbles with ξ = 1.0, in marked contrast to our
observations. Since the density ρ is nearly the same for all
solutions, the observed retraction velocities (Figure 2, inset) for
the CTAB/salicylate bubbles can be as high as 30 times above
the Taylor−Culick limit for a purely inertial retraction. Clearly,
another driving force, beyond surface tension, must be present
to yield such a velocity increase. Hence, we will now investigate
the eﬀect of elasticity in the liquid ﬁlm.
Investigation of the bulk. The combination of CTAB and
salicylate can result in the formation of wormlike micelles
(WLM), which are giant micelles with diameters of a few nm
and contour length ranging from tens to hundreds of
nanometers.15,16 Two excellent reviews on WLM can be
found in the literature.17,18 In the CTAB/salicylate system,
WLM are formed for ξ > 0.6,19 which is the same for the
saturation of the surface with salicylate ions, as observed in SFG
experiments. A cartoon indicating the adsorption of salicylate at
the ﬁlm surface and into the WLM palisade is shown in Figure
6.
The increase in the retraction velocity could be attributed to
presence of WLMs in the ﬁlm of the soap bubbles, since this
confers a viscoelastic behavior to the surfactant solution (see
Figure 4. SFG spectra of the air/solution surface for 20 mmol L−1
CTAB and diﬀerent mole fractions, ξ, of sodium salicylate (symbols
are experimental data points, and solid lines are ﬁts to equation S1 in
SI). The inset shows the SFG peak amplitudes obtained from the
curve ﬁtting for the CH2 and CH3 symmetric stretches (at 2850 and
2880 cm−1, respectively) and the aromatic CH stretch of the salicylate
ion at 3060 cm−1.
Figure 5. Infrared transmission spectrum (plotted as absorbance)
through the bubbles for salicylate:CTAB mole fractions (ξ = 0, 0.8 and
1.0). Each spectrum is an average of 5 measurements on individual
bubbles.
Figure 6. Cartoon of a hemispherical soap bubble and a magniﬁcation
of the liquid ﬁlm, with a pictorial representation of a WLM. The circles
are further magniﬁcations that represent the monolayers formed by
self-assembly of the surfactant molecules at the liquid/air interfaces
and the WLM, with a hydrophobic core covered by surfactant head
groups (open circles) and adsorbed salicylate ions (closed circles).
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rheological measurements in the SI). Therefore, during the
bubble inﬂation, the chains of the WLM stretch, storing elastic
energy, which is then released during the rupture of the bubble.
However, part of the elastic stress induced by bubble inﬂation
could be lost due to the natural breaking (followed by the
spontaneous recombination) of the WLMs. The time required
for the dissipation of elastic energy is key to validating this
explanation for the increased rupture velocity, since most of the
elastic energy produced during inﬂation needs to be present at
the time of bubble rupture (a few seconds later). Direct
evidence that this explanation is plausible comes from creep
experiments (suitable to investigate the temporal decay of the
elastic energy), which were carried out with the solutions used
to generate the bubbles (Figure 7). The decay of the stress,
τ(t), can be described using eq 3.20
τ τ
λ
= −⎜ ⎟⎛⎝
⎞
⎠t
t
( ) exp0 (3)
where λ is the characteristic relaxation time.
The (exponential) decay of τ(t) observed in Figure 7 is
rather slow. For ξ = 0.8, the relaxation time is λ = 275 s, and
over 30 min is required for the full relaxation. Considering the
long elasticity decay of the WLM solutions, it can be inferred
that liquid ﬁlms containing stretched and entangled WLM also
preserve their elastic character in the time scale of our bursting
experiments, releasing such elastic energy during the rupture of
the bubble.
Discussion on the Rupture Mechanism. As a further
support to the role of elasticity in the bubble rupture
mechanism, it is important to estimate the relative contribution
of surface and elastic energies to the liquid ﬁlm retraction. The
ratio of the elastic and surface energies gained by opening a
hole of area A in the ﬁlm can be estimated as:
δ ε
γ
δ ε
γ
Δ
Δ
= ′ = ′E
E
A G
A
G( )
2 2
elastic
surface
2 2
(4)
where G′ and ε are the elastic modulus and strain, respectively.
Because we are dealing with a highly stretched ﬁlm (the bubble
starts with a small radius of ∼1 mm and stretches to a ≅ 2 cm),
we simply consider ε ≅ 10. For the CTAB/salicylate mole
fraction ξ = 0.8 we have determined the ﬁlm thickness δ = 34
μm from the data in Figure 5. Using for the elastic modulus the
value G′ ≅ 100 Pa determined from micro-rheological
(diﬀusion wave microscopy, DWS) measurements at very
high frequency (data shown in the SI), and the measured value
γ = 34 mN/m, we obtain 5.3 for this ratio. It should be noted
that, since changes in hole radius are noticeable between two
image frames (Δt = 167 μs, which correspond to a frequency ω
= 3.8 × 104 rad/s), the value for G′ was determined at ω ≈ 105
rad/s (the highest available experimentally with the DWS
equipment). It was also measured in the linear viscoelastic
region (under zero shear strain), and for these reasons, it is only
a crude estimate of the elastic modulus. However, from this
simple estimate it can be inferred that the strained bubble ﬁlm
may store enough energy to increase the retraction speed above
the inertial limit of eq 1, which includes only surface tension as
a driving force.
Considering the elastic tension within the ﬁlm, it is necessary
to explain why the retraction velocity is constant, since models
that include a distributed elastic stress and very high viscosity
predict an exponentially increasing retraction velocity.7,8 One
possible scenario that includes the ﬁlm elasticity and leads to a
constant retraction velocity is the following: it has been well-
known since the mid-1940s that, when a thin rubber strip is
elongated to a strain ε and then released, the free retraction of
the sample proceeds by the propagation of an elastic wave (an
acceleration pulse) such that the material is at rest before the
arrival of the pulse. However, the stress is completely released
and the material moves with constant speed after the passage of
this pulse.21,22 The tip velocity of the strip is then expressed
according to eq 5:
ε
ρ
= ′
⎛
⎝⎜
⎞
⎠⎟v
G
1/2
(5)
where G′, ε, and ρ are the Young’s modulus, strain, and rubber
density, respectively. Again, we can estimate this velocity using
the same parameters discussed above for CTAB/salicylate mole
fraction ξ = 0.8: G′ ≅ 100 P, and ε ≅ 10. These values give v ≅
3 m/s, which is of the same order of magnitude as the observed
velocities.
Another model that leads to similar (constant) retraction
velocities is a simple modiﬁcation of the inertial retraction of eq
1. A spherical elastic membrane of radius a and thickness δ has
a uniform tension given by τ = (pa)/(2δ), where p is the
pressure diﬀerence between the inner and outer regions of the
sphere.23 This is analogous to the Laplace pressure inside a
soap bubble due to the surface tension of the liquid ﬁlm, p =
(4γ)/a. Therefore, we can transform the membrane tension
into an equivalent “elastic” surface tension γel = (τδ)/2, which
acts in addition to the liquid ﬁlm surface tension of our bubbles.
As a result, the driving force for ﬁlm retraction is increased by
γel, and the edge velocity is given by eq 6, a modiﬁed version of
eq 1:
ν
γ γ
ρδ
τ
ρ
=
+
≈
2( )el
(6)
where the last term would result from assuming a large elastic
contribution (γel ≫ γ). It should be noted that a model for the
large elastic deformations of a circular membrane into a
spherical cap predicts a collapse instability for an inﬂation into a
Figure 7. Time dependence of the stress τ(t) for the WLM-containing
solutions with diﬀerent ξ.
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shape slightly beyond a hemisphere, when the tension in the
membrane is τ ≅ 0.36 G′.23 Using this relation, we see that the
retraction velocities obtained with these two models (eqs 5 and
6) are both on the order of the speed of elastic waves in the
membrane. However, there is a physical diﬀerence between
these two explanations. For the elastic membrane model, there
is no rim formation, and a signiﬁcant part of the liquid ﬁlm is in
motion at any instant of time, while for the elasticity-modiﬁed
inertial retraction model, the liquid ﬁlms is at rest and only the
rim retracts. At present, we do not have conclusive
experimental results that can discriminate the two models,
but future studies of v as a function of the bubble strain/tension
might clarify the exact mechanism of the elastic bubble rupture.
Nevertheless, both models are based on the elastic tension
stored in the stretched membrane.
In the derivation of eqs 5 and 6, internal friction was
neglected. This is the situation of the aqueous ﬁlms containing
WLMs, which have high elasticity and small viscosity. If viscous
eﬀects were dominant, one would recover the model described
by Debreǵeas et al.,7,8 where the retraction velocity increases
exponentially with the characteristic time constant t* = ηδ/γ
(see eq 2), until it reaches the Taylor−Culick limit, thereafter
remaining constant. We can estimate t*= 0.45 ms for the
CTAB/salicylate bubble with ξ = 0.8, using the experimental
parameters δ = 34 μm, γ = 34 mN/m and η = 0.45 Pa·s
(maximum value of the viscoelasticity measurements in the SI).
Clearly our data cannot be explained by that model, since the
retraction velocity is constant (for more than 2 ms = 4.4t*) and
much larger than the Taylor−Culick limit.
We now shift our attention to the change in the edge
structure of the retracting ﬁlm, shown in Figure 3. Bird et al.24
recently demonstrated that, during rim retraction, the ﬁlm can
trap two separate pockets of air by folding on the lower surface
and folding back on itself. If the ﬁlm is unstable, the rim forms
threads, and small drops break up. This behavior is observed in
Figure 3A (CTAB only) but not Figure 3B (CTAB plus
salicylate, ξ = 1.0). In the case of highly viscous and elastic
ﬁlms, with exponentially increasing hole radius (eq 2), the
absence of a rim was explained by the radial ﬂow of the whole
ﬁlm, which leads to a thickness variation throughout the ﬁlm.7,8
For the elastic bubbles considered here, this explanation is
inconsistent with the observed retraction velocity being
constant and much larger than the Taylor−Culick limit, as
discussed above. However, for highly viscous ﬁlms, an
alternative explanation for the absence of a rim was obtained
from a hydrodynamic analysis of the ﬂow near the edge of
purely viscous liquids.25 It was shown that the rim formation is
governed by a single parameter,
ρδγ
η
Γ = 2 )2
which is the Reynolds number for the ﬁlm ﬂow and speciﬁes
the ratio between capillary and viscous forces. The rim is
formed if Γv > 1, while for Γv < 1, there is a gradual increase in
the ﬁlm thickness within a distance S = (η)/(ρv) (the Stokes
length) of the receding edge. We can estimate these parameters
for the ﬂow near the edge with (ξ = 1) and without (ξ = 0)
salicylate in the CTAB solution. For ξ = 0, we use the
experimental values (SI, Figure 2 and discussion of Figure 4) η
= 2 × 10−3 Pa·s, γ = 36 mN/m, v = 2.5 m/s, and δ = 4.6 μm to
obtain Γv = 95 and S = 1 μm, indicating that, clearly a rim
should be formed, in agreement with Figure 3A. For ξ = 1, we
use the experimental values η = 0.1 to 0.7 Pa·s (since it depends
on shear rate), γ = 34 mN/m, v = 20 m/s, and δ = 45 μm to
obtain Γv = 0.08 to 0.55 and S = 5 to 35 μm. Therefore, rim
formation should not be expected from this hydrodynamic
analysis, and the thickening of the ﬁlm should be conﬁned to
less than 100 μm of the receding edge, which is below the
resolution of the image in Figure 3B.
■ CONCLUSION
Bubbles are more than beautiful structures. An understanding
of bubble rupture mechanisms is important in various
ﬁelds.26,27 We have shown that the much faster bursting of
elastic soap bubbles described here (up to 30 times the inertial
limit based on surface tension alone) is not due to changes in
surface tension or surface structure of the surfactant solutions,
but results from the combination of an enormous elasticity
produced by stretched and entangled WLMs and small
viscosity. Simple estimates conﬁrm that the elastic contribution
is quite signiﬁcant for bubbles of CTAB/salicylate solutions,
and a few models that account for the high (and constant) ﬁlm
retraction velocity are discussed. These observations represent a
new mechanism for the rupture of liquid ﬁlms, and this unusual
behavior may be observed for other elastic liquids,28 such as
polymer melts and gels, with important implications to
processes involving the breakup of sprays of viscoelastic
solutions.
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